Abstract Tyrosine phosphorylation is a powerful mechanism of modulation for proliferation, differentiation, and functioning of neurons. The protein products of the neuronal mouse gene PTPRR are physiological regulators of mitogen-activated protein kinase (MAPK) activities. PTPRR −/− mice display deficits of motor coordination and balance skills. PTPRR gene orthologues are found in many vertebrates. Recent observations suggest that the human episodic ataxia 2 (EA2) and spinocerebellar ataxia types 6 (SCA6), 12 (SCA12), and 14 (SCA14) might be associated with impaired phosphorylation levels of cerebellum calcium channels and receptors. The concept that MAPK signaling is a key process in tuning synaptic plasticity in cerebellar circuits is now emerging, with numerous implications for understanding cerebellar functions and cerebellar disorders.
Signaling plays a key role in the circuitries of the central nervous system (CNS). Reversible phosphorylation of proteins is one of the mechanisms for signaling procedures. Tyrosine phosphorylation is a powerful way to modulate protein-mediated processes related to proliferation, differentiation, and functioning of neurons. Abnormal protein phosphorylation is associated with neurological disorders. In the cerebellum, autism, mental retardation, epilepsy, and ataxias have been linked to aberrant phosphorylation [1] . In the brain, the mitogen-activated protein kinase (MAPK) cascade is a major signaling pathway and as such is tightly controlled. Activation of upstream kinases and inactivation of phosphatases are involved, controlling spatial and temporal ratio of tyrosine-phosphorylated and non-phosphorylated targets. Once activated by dual phosphorylation, MAPKs phosphorylate a large range of cytosolic and nuclear substrates [2] . Some phosphatases contain a kinase interaction motif (KIM) that mediates selective binding to the MAPK common docking domain [3] , ensuring retention and inactivation of the MAPK in the cytosol. Three human genes encode KIMcontaining tyrosine-specific phosphatases: PTPN5, PTPN7, and PTPRR. Protein tyrosine phosphatases (PTPs) are key players in numerous cellular processes. Mechanisms of PTP regulation include alternative mRNA splicing, modulation of steady-state levels, posttranslational modification, dimerization, and/or subcellular confinement [4] .
In this issue, Hendriks et al. [5] discuss the physiological regulators of MAPK activities. The protein products of the neuronal mouse gene Ptprr (i.e., PTPBR7, PTP-SL, PTPPBSc-42, and PTPPBSc-37; [6] ) are amongst these regulators. PTPRR gene orthologues are present in many vertebrates. During cerebellar maturation, PTPBR7 expression in developing Purkinje cells is replaced by PTP-SL expression in the mature Purkinje cells. The authors have generated mice that lack all four PTPRR isoforms and have found that ERK1/2 phosphorylation levels in Ptprr −/− brain Ptprr −/− mice display defects of fine motor coordination and abnormal balance skills in multiple tests. These findings show a role for PTPRR proteins in motor control and proper cerebellar activity, in agreement with the predominant expression of PTPRR in adult cerebellum Purkinje cells. Interestingly, the total number of Purkinje cells or their dendritic branching is unaffected and there is no histological sign of neurodegeneration. Mutant mice that display ataxic behavior but have apparently normal cerebellar layering, Purkinje cell numbers, and dendritic spine morphology are limited, unlike the majority of ataxia mouse models displaying loss of cerebellar granule cells or Purkinje neurons. Examples include junctophilin 3 [7] , carbonic anhydrase-related protein VIII (Car8) [8] , and calretinin-deficient mice [9] . These mice are ataxic because of a deregulation of calcium homeostasis which impacts not only on Purkinje cell behavior but also upon other neurons of the cerebellar cortex [9] . Junctophilins contribute to the formation of junctional membrane complexes by spanning the endoplasmic/sarcoplasmic reticulum membrane and interacting with the plasma membrane. Car8 is a binding protein for the IP3 receptor expressed in cerebellar Purkinje neurons and plays a role in fine-tuning of the intracellular calcium level in the dendrites of Purkinje neurons. Calretinin belongs to the large family of EF-hand calcium-binding proteins and is thought to confer a general protection against the pathogenic mechanisms of neuron disease [10] . Furthermore, silencing of small-conductance calcium-activated potassium channels, regulators of firing frequency, in the CNS has proved that a purely electrical alteration is sufficient to cause cerebellar ataxia [11] . Even an anti-Ca 2+ channel antibody was sufficient to inhibit voltage-gated Ca 2+ channels, alter cerebellar synaptic transmission, and confer the phenotype of cerebellar ataxia [12] .
The human episodic ataxia 2 (EA2), familial hemiplegic migraine 1, and spinocerebellar ataxia 6 (SCA6), which all result from mutations in the pore-forming subunit of P/Qtype voltage-gated calcium channels [13] , can be classified as disorders of the neuronal phosphoproteome. Familial spinocerebellar ataxia types 12 (SCA12) and 14 (SCA14), caused by mutations in genes encoding the phosphatase PP2A regulatory subunit PR55/Bb [14] and the kinase PKCγ [15, 16] , respectively, might be associated with impaired phosphorylation levels of cerebellum calcium channels and receptors. SCA14 mutations induce a PKCγ superkinase that phosphorylates brain glutamate receptors [17] . There is a failure to phosphorylate transient receptor potential channels, resulting in sustained Ca 2+ entry [18] . In the cerebellum of Ptprr −/− mice, increased phospho-ERK1/2 immunostaining is found predominantly at the basal portions of the Purkinje cell soma, including the axon hillock region. This is the zone where inhibitory basket cell afferents regulate Purkinje cell firing via synaptic transmission. Irregularities in Purkinje cell pacemaking induce cerebellar dysfunction and consecutively ataxia [19] . Current studies demonstrate that the ERK1/2 MAPKs are physiologically relevant PTPRR substrates. The concept that MAPK signaling is a key process in tuning synaptic plasticity is emerging. The direct and indirect implications for understanding cerebellar functions and cerebellar disorders are numerous. Elucidation of the molecular mechanisms by which PTPRR deficiency generates defects in motor coordination may provide new keys to open the door not only to symptomatic therapies of cerebellar ataxias, including the so-called sporadic ataxias and the hereditary ataxias [20] , but also to the unraveling of candidate genes in inherited disorders. Furthermore, our understanding of the roles of the cerebellum in motor coordination [21] will benefit from these discoveries. Because phosphorylation of key proteins mediating chromatin remodeling and gene transcription plays an important role in controlling brain development, synaptogenesis, learning, and memory [22] , there is a need for deciphering the details of these elemental processes in cerebellar research, especially for innovative translational research.
